Abundant evidence has suggested that neuroinflammation participates in the pathogenesis of Parkinson's disease (PD). The emerging evidence has supported that microglia may play key roles in the progressive neurodegeneration in PD and might be a promising therapeutic target. Ganoderma lucidum (GL), a traditional Chinese medicinal herb, has been shown potential neuroprotective effects in our clinical trials that make us to speculate that it might possess potent anti-inflammatory and immunomodulating properties. To test this hypothesis, we investigated the potential neuroprotective effect of GL and possible underlying mechanism of action through protecting microglial activation using co-cultures of dopaminergic neurons and microglia. The microglia is activated by LPS and MPP + -treated MES 23.5 cell membranes. Meanwhile, GL extracts significantly prevent the production of microglia-derived proinflammatory and cytotoxic factors [nitric oxide, tumor necrosis factor-α (TNF-α), interlukin 1β (IL-1β)] in a dose-dependent manner and down-regulate the TNF-α and IL-1β expressions on mRNA level as well. In conclusion, our results support that GL may be a promising agent for the treatment of PD through anti-inflammation.
Introduction
Parkinson's disease (PD) is a common neurodegenerative disease, clinically characterized by slowed movement, rigidity, rest tremor and disturbances in balance [1] . With the progression of the disease, many patients develop non-motor symptoms, including anxiety, depression, constipation and dementia. Although there are drugs that can alleviate PD symptoms, chronic use of these drugs is not effective in deterring the progression of PD and has been associated with debilitating side effects. It is therefore of great interest to develop neuroprotective therapies aimed at slowing or even halting the degenerative progression [2] . However, the development of effective neuroprotective therapies is impeded by our limited knowledge of the pathogenesis of PD.
The etiology and pathogenesis responsible for the neuronal degeneration in PD remains unknown. Several line of evidence supported that glia activation and inflammatory processes are involved in the cascade of events leading to progressive degeneration [3, 4] . Numerous activated microglia are present in the vicinity of degenerating neurons in the substantia nigra of patients with PD [5] . In the mature brain, microglia typically exists in a resting state characterized by ramified morphology, and monitors the brain environment. In response to abnormal stimuli, such as environment toxins, neurotoxins, microglia becomes activated and can induce significant and highly detrimental neurotoxic effects by the excess production of a large array of cytotoxic factors such as nitric oxide (NO), tumor necrosis factor-α (TNF-α), interleukin 1β (IL-1β) and superoxide, and so forth [3, [5] [6] [7] .
Ganoderma lucidum (GL) is widely used as an alternative medicine remedy to promote health for 1000 years in China. Studies have indicated that components of GL extract have a wide range of pharmacological actions including immunomodulation, suppressing inflammation, promoting mitochondria energy production and scavenging free radicals [8] [9] [10] [11] . Previous work, shows that GL extracts could prevent neuronal loss after cerebral ischemia [12] . But it is not known whether GL could protect against dopaminergic neuron degeneration and attenuate the inflammatory responses of microglial cells to exogenous or endogenous stimulus. We set out to answer these questions in the current study. 
Methods

Materials. GL extracts were generously provided by
PuraPharm Corporation (Guangxi, China) with a lot number: 070106. The extracts were prepared from the fruiting body with methanol and low temperature extraction technology. The major components consisted of mainly polysaccharide triterpenes and ergosterol. The GL extracts used were defined by a content of polysaccharides and ergosterin. According to the calculation, the yield of polysaccharide was 0.6% (w/w) in terms of the fruiting body of Ganoderma, and ergosterol was 0.35%. GL was resolved in phosphatebuffered saline. Cell culture reagents were obtained from Gibco (Grand Island, NY, USA) and [ 3 H] dopamine (DA) was purchased from PerkinElmer Life Science (Boston, MA, USA). Lipopolysaccharides and Griess reagent were purchased from Sigma (St Louis, MO, USA). The monoclonal antibody against rat CD11b (OX-42) was obtained from Serotec (Oxford, UK). Diaclone (Besancon, France) supplied Rat TNF-α detection ELISA kits, while superoxide Assay Kit-WST and rat IL-1β ELISA kits were obtained from Dojindo (Kyushu, Japan) and IBL (Gunma, Japan), respectively. The real-time PCR reagents were provided by Takara (Tokyo, Japan).
Cultures of Microglia and MES 23.5 Cells.
Microglia were isolated and purified from brains of 12-24-h-old Wistar rats supplied by Laboratory Animal Center [13] . The research was conducted in accordance with the Declaration of Helsinki and with the Guide for Care and Use of Laboratory Animals as adopted and promulgated by the United National Institutes of Health. All experimental protocols were approved by the Review Committee for the Use of Human or Animal Subjects of Capital Medical University. Briefly, after brains were dissected and the meninges removed, the tissues were minced and digested with trypsin (0.25% trypsin-EDTA in 0.1-M phosphate buffer) for 20 min at 37
• C, triturated with a fire-polished Pasteur pipette and filtered through a 200-μM nylon cell strainer. After centrifugation for 5 min at 121 g, the tissue were suspended into DMEM containing 10% fetal bovine serum (FBS), and seeded in 75-cm 2 flasks at a density of 5 × 10 5 /ml cells per flask. Two weeks after the seeding, the flasks were shaken at 180 rpm for 4 h, and the floating cells were collected and centrifuged for 5 min at 800 rpm, the cells were resuspended and plated to 96-well plates for further experimental treatment.
The dopaminergic cell line MES 23.5 was a gift from Prof. Wei-dong Le, Department of Neurology, Baylor College of Medicine, Houston. The MES 23.5 cells were derived from somatic cell fusion of rat embryonic mesencephalic cells with murine N18TG2 neuroblastoma cells [14] . MES 23.5 cells display many prosperities of developing neurons of the SN zona compacta and offer several advantages for such initial studies, including greater homogeneity than primary cultures and susceptibility to both free-radical-mediated cytotoxicity and calcium-dependent cell death. MES 23.5 cells were seeded on polylysine-precoated 24-well plates at a density of 10 4 cells/cm 2 and maintained in DMEM with Sato's components at 37
• C in a 95% air/5% CO 2 humidified atmosphere incubator. Some of the cultured MES 23.5 cells were co-cultured with microglia.
To study the interaction of reactive microglia with MES 23.5 cells, microglia and MES 23.5 cells were co-cultured in 24-well culture plates. Briefly, the purified microglia were plated at a density of 1 × 10 4 /well 1 day before addition of MES 23.5 cells at a ratio of 2 : 1 (MES 23.5 to microglia). The co-cultures were maintained in Sato's conditioned medium containing 2% heat-inactivated FBS. The cultures of microglia or MES 23.5 cells alone or together were treated for 24 h with lipopolysaccharide (LPS, 0.25 μg/ml) as a positive control, GL extracts (50-400 μg/ml) or MES 23.5 cell membrane constituents (150 μg/ml) [13] .
Immunocytochemistry.
Paraformaldehyde-fixed cell cultures were immunostained as described previously [15] . Microglia was stained with a monoclonal antibody OX-42. Briefly, cell cultures were treated for 15 min with 3% H 2 O 2 , then blocked with appropriate normal serum followed by incubation overnight at 4
• C with a primary antibody diluted in antibody diluents [15] . After incubation with an appropriate biotinylated secondary antibody and then the ABC reagents, the bound complex was visualized by color development with 3,3 -diaminobenzidine (DAB). Images were recorded with a Nikon inverted microscope.
Preparation of MES 23.5 Cell Membrane Fraction.
After exposure to MPP + 10 μM for 24 h, the MES 23.5 cells were harvested in a buffer containing 0.25-M sucrose, 100-mM PBS, 1-mM MgCl 2 , 1-mM EDTA and 2-μM protease inhibitor PMSF, and homogenized with a glass-teflon homogenizer [13] . Then the homogenate was centrifuged at 8000 g for 10 min at 4
• C to remove the crude nuclear fractions. The supernatants were again centrifuged at 100 000 g for 60 min at 4
• C. The precipitates were homogenized and suspended in culture medium and used as the neuronal membrane fractions. • C [15] . Non-specific uptake of dopamine was determined in parallel wells receiving both dopamine and 1-mM nomifensine (10 μl/well), an inhibitor of neuronal highaffinity dopamine uptake. Afterward, the cells were washed three times with ice-cold Krebs-Ringer buffer (1 ml/well) and lysed with 1 N NaOH (0.5 ml/well). After mixing the lysate with 3 ml of scintillation fluid overnight, radioactivity was determined with Perkin Elmer 1450LSC Luminescence Counter (Waltham, USA). Specific uptake was determined by subtracting the non-specific counts for the total activity.
NO Assay.
The production of NO was quantified by measuring the released NO metabolites (nitrates and nitrites) with Griess reagent [16] . After a 24 h exposure to LPS/cell fraction, the culture medium samples were collected and prepared cell-free by centrifugation. The medium was incubated with the same volume of Griess reagent at room temperature for 10 min before measuring absorbance at 540 nm in a LP-400 ELISA reader (Diagnostics Pasteur, Marne-la-Coquette, France) with appropriate standards.
TNF-α, IL-1β and Superoxide
Assay. Samples were prepared similar to NO samples and the production of these factors were determined using rat TNF-α kit, rat IL-1β ELISA kit and superoxide Assay Kit-WST according to the manufacturer's instructions. Then, run the plate reader and conduct measurement at 450 nm.
RNA Isolation and Real-Time PCR.
Total RNA was extracted from primary microglial cells using RNAprep Kit according to the manufacturer's specifications. RNA was primed with random 9-mers and converted into cDNA by reverse transcription (RT) using AMV reverse transcriptase by following the manufacturer's recommended protocol [17, 18] . The resulting cDNA was then subjected to realtime PCR with SYBR Premix Ex Taq containing a final concentration of 1× SYBR Green (Molecular Probes) and 0.2 μM of the primer set of interest in a 20-μl reaction. The PCR mixture was run in the DNA engine Opticon 2 (MJ research; Waltham, MA). After an initial 10 s 95
• C denaturation step, the reaction was run through 35 cycles at 95
• C for 5 s, 60
• C for 30 s and 80
• C for 1 s. Melting curve analysis was executed to ensure the resulting products from the reaction had equivalent and appropriate melting temperatures. The specific primers used are listed in Table 1 [17] . The quantification of target transcripts was based on a calibration curve. The "housekeeping" gene β-actin was targeted for an internal control gene. The test gene data were normalized by corresponding β-actin data.
Statistical Analysis.
Data were expressed as the means ± SD. Statistical significance was assessed with an analysis of variance (ANOVA) followed by LSD post hoc test using SPSS 11.5. A value of P < .05 was considered to be statistically significant.
Results
Microglial Activation Induced by LPS and MPP + -Treated Dopaminergic Cell Membranes.
To establish models of microglia activation in neurodegeneration, LPS and MPP + -treated dopaminergic cell membranes were used as stimuli in either microglia culture or dopaminergic neuron (MES 23.5 cell line) and microglia co-cultures. Microglia cells were visualized by staining for the CR3 complement receptor using monoclonal antibody OX-42. The purity of microglia cultures is ∼95%. The quiescent microglia displayed either a ramified shapes or bipolar or multipolar processes ( Figures  1(a) and 1(b) ) [19, 20] . The activated microglia displayed amoeboid morphology (Figures 1(c) and 1(d) ).
Of the numerous neurotoxic factors, NO, TNF-α, IL-1β and superoxide may be major mediators of dopaminergic neurodegeneration elicited by microglial activation. We first characterized the LPS-induced microglial activation by measuring the levels of TNF-α and IL-1β, two welldocumented cytokines reflecting microglial activation, and the levels of several reactive oxygen species (ROS, NO and superoxide) released from activated microglia. Unstimulated microglia produce very low amounts of any cytokine which is negligible. After exposed to LPS (0.25 μg/ml), the levels of TNF-α and IL-1β were increased by 6-11-fold, and the levels of NO and superoxide were elevated up to 5-11-fold in the microglia culture media (Figure 2 ). Because MES 23.5 cells activated microglia only after MPP + treatment [19] , we examined the activation effects of MES 23.5 cell membrane fractions (CF) treated with MPP + . Incubation with MPP + -treated cell membrane fraction (150 μg/ml), TNF-α and IL-1β production was significantly increased by 4-10-fold ( Figure 2 ). The levels of NO and superoxide from the MPP + membrane fraction-treated microglial culture media were increased by 2-10-fold ( Figure 2 ). Crude membrane without MPP + or treated with GL only had minimal activating effects as compared with MPP + membrane fraction (data not presented).
GL Prevents the Production of Proinflammatory Factors
and ROS Derived from Microglia. Microglia can produce cytokines as a consequence of activation [21] [22] [23] . To elucidate the underlying mechanism of the neuroprotective activity of GL, we investigated the effect of GL on levels of microglia-derived inflammatory cytokines and ROS. Microglial cell cultures were pretreated with different dosages (50-400 μg/ml) of GL for 30 min followed by exposure to LPS or CF treated with MPP + . As shown in Figures 3 and  5 , low dose (50 μg/ml) of GL had minimal inhibiting effects, while pretreatment with higher dose of GL (100-400 μg/ml) potently reduced the increase of NO and SOD caused by LPS or CF in a concentration-dependent fashion. The higher dose of 400 μg/ml almost had a complete prevention of the production of NO. At the equivalent concentration, GL also significantly decreased the release of TNF-α and IL-1β after LPS and CF treated with MPP + (Figure 6 ). 
GL Protects against MPP
GL Protects against LPS-Induced Dopaminergic Degeneration in the Presence of Microglia.
When the neuronmicroglia co-cultures were exposed to 0.25 μg/ml LPS for 24 h, [ 3 H] DA uptake was significantly reduced by ∼50% as compared to co-cultures (Figure 4) . Pretreatment of cocultures with 400 μg/ml GL also significantly attenuated LPSinduced decrease in [ 3 H] DA uptake (22% loss with GL versus 50% loss without GL).
GL Inhibits the Increased Expression of TNF-α and IL-1β mRNA by LPS and MPP + -Treated Membrane.
Synthesis of all these proinflammatory factors is controlled at several levels. Whereas post-transcriptional, translational and post-translational mechanisms play important roles, gene transcription appears to be the primary regulatory site. The levels of TNF-α and IL-1β mRNA expression were barely detectable in control cells but were significantly increased by LPS and CF. Pretreatment of 100-400 μg/ml GL inhibited their expression in a dose-dependent manner. The higher dose of 400 μg/ml GL provided a 90% protection (Figure 8 ).
Discussion
In the present study, we have demonstrated that GL effectively protects dopaminergic neurons against inflammatory damage induced by microglial activation after exposure to MPP + and LPS. The underlying mechanism appears to be related to the ability of GL to protect against the production of microglia-derived toxic factors (NO, TNF-α, IL-1β and superoxide). This is supported by the observation that GL markedly down-regulate the mRNA expression of TNF-α and IL-1β.
PD pathologically is characterized by progressive nigral cell degeneration which is accompanied by microglial activation. Although it is suggested that environmental or endogenous toxins may lead to neuronal death, the mechanism Figure 6 : GL protects against LPS or CF induced production of TNF-α (a) and IL-1β (b) in a dose-dependent fashion. Cultures were treated with GL at indicated concentration 30 min prior to exposure with 0.25 μg/ml LPS or 150 μg/ml CF. TNF-α and IL-1β levels were determined as described in Methods section. Data are expressed as means ± SD of two experiments performed in triplicate.
* P < .05 and * * P < .001 compared with LPS and CF only treated cultures for TNF-α. # P < .001 and ## P < .001 compared with LPS and CF only treated cultures for IL-1β, respectively. underlying microglia activation remains unknown. It has been shown that LPS and neurotoxins can activate microglia and cause progressive neurodegeneration which can be prevented by inhibiting expression of proinflammatory factors [24] . Increasing evidence has linked chronic inflammation to a number of neurodegenerative diseases, including PD.
Microglia, the resident innate immune cells of central nervous system, play major role in the neuroinflammatory process. Microglia can be activated and cause neurotoxicity through two mechanisms [20] . First, microglia can initiate neuron damage by recognizing inflammatory trigger, such as LPS and other toxins [24] , becoming activated and producing neurotoxic proinflammatory factors and cytokines. Consequently, these factors can deplete the antioxidant of DA neurons, impair mitochondrial function, inhibit the reuptake of glutamate [25] , and initiate CNS tissue damage The cultures were treated with vehicle or 100 μM MPP + , and 400 μg/ml GL. GL was given 30 min before the MPP + exposure. Uptake of [ 3 H] DA was assessed as described in Methods section. Data were generated from cell samples in duplicated experiments, and are expressed as percent of the vehicle group. * P < .001 compared with corresponding MES 23.5 in the absence or presence of microglia cultures without exposure to MPP + ; * * P < .05 compared with the MPP + -treated MES 23.5 cultures without microglia; # P < .001 compared with corresponding MES23.5 in the absence or presence of microglia cultures without exposure to GL. [26] . In addition, cytokines such as TNF-α can activate other resting microglia, potentiating inflammatory response that lead to auto-implication of ROS, NO and superoxide radicals to form highly oxidizing peroxynitrite species [6, 27] . TNF-dependent microglia activation in the SN creates an environment of oxidative stress through activation of NADPH oxidase [28] . IL-1β has been shown to be involved in the development of CNS inflammation through the disruption of the blood-brain barrier which facilitates the infiltration of leukocytes into CNS [23, 24] . NO is membrane permeable, excessive accumulation of NO could react with superoxide to form peroxynitrite which capable of attacking and modifying proteins, lipids and DNA as well as depleting antioxidant defenses [25, 26] . Much of the microglial-derived ROS such as superoxide cannot efficiently traverse cellular membranes, making it unlikely that these extracellular ROS gain excess to dopaminergic neurons and trigger intraneuronal toxic events, however, superoxide can rapidly react with NO in the extracellular space to form a more stable oxidant, which can readily cross cell membranes and damage intracellular components in neighboring neurons [27] . All these factors can activate a key transcription factor, NF-κB, which can up-regulate pro-apoptotic genes leading to neuronal death [29, 30] . Second, microglia can become overactivated in response to neuronal damage, which is then toxic to neighboring neurons [31, 32] , resulting in a perpetuating cycle of neuron death. Several studies reveal that damaged DA neurons release matrix metalloproteinase 3 (MMP3) [33] , α-synuclein [34] and neuromelanin [33, 35] that seem to activate microglia and are implicated in neuronal degeneration in PD. All these events form a vicious circle leading to progressive neuronal degeneration ( Figure 9 ).
In primary neuron-enriched or neuron-glia co-cultures derived from rat mesencephalon, rotenone-induced dopaminergic neurodegeneration was dependent on the presence of microglial cells. This was mediated by the production of superoxide from activated microglia [15] . The injection of LPS in the supra nigral area of rat brains resulted in microglial and astroglial proliferation and these reactive glial cells were important mediators of the subsequent neuronal death [36] . Furthermore, inhibition of glial cell activation in the mouse brain decreased MPTP-induced Figure 9 : The molecular mechanisms between microglial activation and neuron death. Microglia can be activated by inflammatory trigger, such as LPS and other toxins and consequently produce proinflammatory factors and cytokines which on one side can cause auto-implication of ROS, NO and superoxide radicals to form highly oxidizing peroxynitrite species and also activate other resting microglia. TNF-dependent microglia activation in the SN creates an environment of oxidative stress through activation of NADPH oxidase. IL-1β can disrupt the blood brain barrier and facilitate the infiltration of leukocytes into CNS. All these factors can activate NF-κB, which can up-regulate proapoptotic genes leading to neuronal death. These events form a vicious circle leading to progressive neuronal degeneration. GL can inhibit the generation of microglia-derived toxic factors through its anti-inflammatory effect.
neurotoxicity by blocking the formation of iNOS and IL-1 [37] . Results of the current study suggest that the inhibition of microglia-derived toxic factors production may be a mechanism underlying the anti-inflammatory effect of GL. The putative mechanisms involved in the microglial activation and neuronal injury are illustrated in Figure 9 . GL is a natural herbal medicinal fungus that has been used in China since 100 AD. Clinically, GL has been used to lower cholesterol, improving memory and anti-aging. Experimentally, GL extracts have been demonstrated to possess immunomodulating, anti-inflammatory, anti-oxidative damage and antitumor activities, as well as neuroprotective effects [8, 10, 38] . Treatment with GL tended to increase mitogenic reactivity to phytohemagglutinin, counts of CD3, CD4, CD8 and CD56 lymphocytes, plasma concentrations of interleukin (IL)-2, IL-6 and interferon (IFN)-γ, and NK activity, whereas plasma concentrations of IL-1 and TNF-α were decreased in cancer patients [39] . Studies have also shown that administration of the GL daily once for 15 days, was significantly effective to enhance the Krebs cycle dehydrogenases, and mitochondrial electron transport chain complex IV activities in aged rats. The profound activity of the extract can be correlated to the significant antioxidant property of GL [40] .
The most important pharmacologically active constituents of GL are polysaccharides and triterpenoids. Polysaccharides, especially β-d-glucans, have been known to possess anti-tumor effects through immunomodulation and anti-angiogenesis. In addition, polysaccharides have a protective effect against free radicals and reduce cell damage caused by mutagens. Triterpenoids have been reported to possess antioxidation, hepatoprotective, anti-hypertensive, hypocholesterolemic and anti-histaminic effects [41] . However, the active components that play the role in the current study need further investigation.
The current most effective symptomatic therapy for PD is levodopa administration, but the efficacy declines as the disease progresses. It is the current focus that the neuroprotective strategies to rescue nigral DA neurons from progressive death. Growing evidence have indicated that a range of Chinese herbs or herbal extracts such as green tea polyphenols [42] , ginsenoside [43] , ginkgo biloba [44] and polysaccharides have the potential to protect against degeneration of DA neurons and prevent symptoms [45] . In addition, studies have suggested that Chinese herbs or herbal extracts may promote neuronal survival and neurite growth, and facilitate functional recovery of brain injures due to their ability as the antioxidants, DA transporter inhibitor, monoamine oxidase inhibitor, free radical scavengers, chelators of harmful metal ions, modulating cell survival genes and signaling, anti-apoptosis activity, and even improving brain blood circulation [46] . New pharmaceutical strategies against PD will hopefully be discovered by understanding the various active entities and valuable combinations that contribute to the biological effects of Chinese herbs and herbal extracts. In conclusion, contrary to current therapies such as DA replacement and adjuvant surgical therapy that relief most motoric symptoms, GL which is capable of inhibiting microglial activation, may prevent neurodegeneration and/or restore function in PD. In light of limited inventory effective drugs, further studies on GL as a potential drug for the treatment of PD are warranted. We anticipate that better treatments will arise from these studies in the near future.
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